Abstract. The penetration process of a rotating magnetic perturbation into a rotating tokamak plasma has been investigated, taking account of the mode structure of the perturbations, and using a small magnetic probe in the small research tokamak CSTN-IV. It was observed that the radial component of the perturbation was amplified in the plasma when magnetic islands are formed, while the poloidal component was attenuated but, deep inside the plasma, amplified. Using a resistive MHD code, such modifications of external perturbation were found to be caused by a redistribution of plasma current due to the formation of magnetic islands. Considering the phase velocity of both the perturbation and the intrinsic plasma rotation, it was also found that the sideband component substantially affects the penetration process with magnetic islands forming. Therefore, in dynamic ergodic divertor operation, it is necessary to put the emphasis not only on the frequency of the perturbation fields but also on their direction, mode structure and the radial profile of the intrinsic plasma rotation at the same time.
Introduction
Dynamic ergodic divertors (DED) [1] [2] [3] [4] [5] [6] have the potential to control the plasma particle recycling process and to improve the confinement of tokamak plasma by inducing plasma rotation by the application of a poloidally travelling resonant magnetic perturbation at the edge. In recent years research has been carried out to identify the feasibility of DED operation and particularly the effect on the particle and heat transport in the ergodic region. Comprehensive surveys related to ergodic divertors have been made in Tore Supra [3, 4, [7] [8] [9] and in TEXT [10] . On the other hand, the penetration of a perturbation field into rotating tokamak plasma is also one of the most important physics problems in terms of global stability because the resonant magnetic perturbation of low poloidal mode numbers might drive MHD modes uncontrollable if the field penetrates deep into the plasma, finally leading to a b Permanent affiliation: Department of Laser Plasma, Shanghai Institute of Optics and Fine Mechanics, Shanghai, China. major disruption. In order to prevent such a catastrophe, the structure and intensity of the perturbation field have been carefully adjusted by taking account of the mode mixing and the skin type penetration [4, 11] . But there seems to be no clear criterion for these adjustments.
The interaction between an error field and a tokamak plasma has been studied experimentally in several machines [12] [13] [14] . In COMPASS [12, 13] , a comprehensive survey of the effect of resonant magnetic perturbations on tokamak plasma has been carried out, giving the threshold for field penetration using a phenomenological model which agreed well with experimental results, where viscosity and inertia effects play an important role. In TEXT [14] , the plasma response (essentially healing) to the driven oscillatory helical magnetic perturbation was investigated. The comparison with Boozer's model [15] showed a good agreement between experiment and theory, where the inclusion of resistivity is sufficient to explain the results. There have also been theoretical studies which construct a model to describe magnetic island evolution under the effects of plasma rotation [16] [17] [18] . Substantial progress has been made thus far in estimating the maximum tolerable error field in order to suppress MHD instability for future large devices.
However, there seem to be few experimental investigations of penetration field profiles inside plasmas, which would give very important knowledge for the purpose of obtaining a fundamental understanding of the reconnection process, island formation and other related physics.
In the present article we investigate the response of tokamak plasma to an externally applied magnetic field in terms of the mode structure of perturbations, by employing a small magnetic probe inserted into the plasma in the small research tokamak device CSTN-IV [19, 20] powered by an insulated gate bipolar transistor (IGBT) invertor power supply for a poloidally rotating helical field (RHF). We have also performed numerical calculations by solving a resistive MHD reduced set of equations and comparing the results with experimental observations in order to discuss the behaviour of magnetic fields in the plasma.
Experimental set-up
Figure 1(a) shows a plan view of CSTN-IV, which is an upgraded version of the previous tokamak CSTN-AC [19] obtained by renewing the iron core to obtain a longer pulse discharge of up to 20 ms. It has a major radius of 0.4 m and a minor radius of 0.1 m, while the toroidal magnetic field is kept at around 0.086 T in steady state. This machine is equipped with a pulse width modulation (PWM) invertor power supply for Joule and vertical field coils, and is able to generate plasmas with multimode discharges, high repetition rates, high duty discharges and AC operation. Using the present power supply as many as 20 reproducible discharges produce the averaged data in each measurement to make reliable observations. Traces of the main parameters are shown in Fig. 2 together with the RHF. The electron temperature and density are about 10 eV and 1.5 × 10 18 m −3 , respectively, which were measured with a triple probe located at r = 5 cm. An RHF with a 10 ms pulse was applied during the tokamak discharge, and no remarkable macroscopic change due to RHF was observed in the time averaged profiles of T e and n e . The RHF is induced with a local helical coil (LHC) of poloidal mode number m = 6, Fig. 1(a) . Each helical coil set consists of two LHCs (A and B coils) and is installed at eight toroidal sections of odd number among 16 sections with toroidal mode number n = 1, as shown in Fig. 1 . A and B coils are powered by the IGBT invertor power supply independently with a rectangular AC voltage of 90
• phase difference between these two coils, Fig. 3 and Table 1 . Figure 1 (b) shows the poloidal cross-section of the helical coils A and B at section No. 9. The A and B coils are spatially shifted in the poloidal direction by 15
• with respect to each other, where squares and circles correspond to A and B coils, respectively. The current direction at the moment of positive phase in AC is indicated, with no phaseshift between the A and B coil currents. As shown in Fig. 1(a) , the coils have an n = 16 mode other than n = 1. But since there is no such surface of q = m/n = 6/16 in our case, Fig. 5 , this n = 16 mode does not have much effect on the resonance with the tokamak field. Figure 4 shows (a) the waveforms of the helical coil currents and induced radial magnetic perturbations B r , (b) the power spectrum ofB r at r = 8 cm and (c) the radial profile ofB r at the midplane, where the LHC is located at r = 10.5 cm. As shown in Fig. 4 (a) the resulting current waveforms in the coils are triangular due to the reactive impedance of the coils. Inside the vacuum vessel the perturbation field decreases according to the multipolar approximation, being proportional to r 5 in the present case.
The radial and poloidal components of the perturbation field on the midplane were measured with small magnetic probes with a diameter of 8.7 mm and a length of 10 mm. By monitoring the plasma parameters as well as the plasma position, we confirmed that the magnetic probe does not affect the tokamak discharge as much. The plasma current profile was reproduced from the poloidal field and its integration over the poloidal plane gives a value in good agreement with the total plasma current obtained with a Rogowski coil. The resonance surface to the perturbation of m/n = 6/1 was estimated from the q profile shown in Fig. 5(b) to be located at around r = 7.5 cm. The q profile is calculated from the measured poloidal field taking the toroidal effect into account. At the resonance surface, r = 7.5 cm, the amplitude of the perturbation field shown in Fig. 4(c 
Mode structure of perturbation field and modification of flux surface
A perturbation field generally includes spatial sidebands to some extent and not the fundamental component alone. Because of their different mode numbers, they have different resonance surfaces at each radial position and would penetrate into the plasma in a different manner. The mode structure of the perturbation field is determined by the coil geometry and is also modified by eddy currents in the vacuum vessel. As shown in Fig. 4 (b), the higher harmonics of the magnetic perturbation are strongly attenuated inside the chamber due to the skin effect of the chamber wall made of SUS304 with a thickness of 2 mm, the cut-off frequency of which is estimated as 44 kHz from the well known formula f cut-off = η w /πµ 0 δ 2 , where δ is the thickness of the wall. The skin depth is expressed as δ 0 = 2η/ωµ.
The analysis of mode structure was made by calculating the perturbation field using Biot-Savart's law. The total coil geometry (which is of finite toroidal extent and which includes poloidally winding leads) and the skin effect mentioned above were included in the calculations. The resulting perturbation fields were decomposed into Fourier series of poloidal mode number m and frequency harmonic number k,
at a fixed radius on a fixed poloidal cross-section where the LHC is installed. Figure 6 shows examples of mode spectra in the m-k plane ofB r at r = 8 cm with a driving frequency of 20 kHz. The dominant (m, k) = (±6,∓1) travelling components exist ( Fig. 6(a) ) when the current in the B coil is delayed by 90
• relative to the A coil as shown in Fig. 4(a) , while there exist (m, k) = (±6,±1) travelling components (Fig. 6(b) ) when the B coil current leads by 90
• with respect to the A coil. Henceforth in this article we call the former case 'case I' and the latter case 'case II'. In our device the rotation direction of case I is the same as that of the ion diamagnetic drift, while that of case II is the same as that of the electron diamagnetic drift. Both cases were studied in the present experiments. In these figures the harmonics (k = ±3, ±5, . . .) are observed to be smaller than those of the fundamental component by more than two orders, and the sideband does not appear in the plotted range. From this analysis, we can confirm that a poloidally rotating perturbation with almost pure m = ±6 components is induced with the present coil configuration. However, taking into account the helicity of the tokamak field and the toroidal effect would give rise to sideband components. The effect of the sidebands on the magnetic structure is clearly represented in Fig. 7 , showing the Poincaré plot of a field line tracing in vacuum field, where the q profile is taken as
and the helical coil current was adjusted to 17 A; the amplitude of the perturbation effectively corresponds to that of 100 A with 20 kHz due to the skin effect of the chamber wall [21] . The magnetic islands of the m = 6 component appear at r = 7.5 cm with a width of about 2 cm, almost the same as that estimated in Section 2. It is noted that the magnetic structures of the two sides of the m = 6 islands are different. At around r = 6 cm the m = 5 islands appear, while it is difficult to identify the m = 7 islands which might appear at around r = 8.5 cm. Instead an ergodic region is formed outside the m = 6 islands. This comes from an overlapping of a series of magnetic islands. The effect of such modifications of flux surfaces on the penetration process will be discussed in the next section.
Results and discussion

Experimental results
The DED operation covers the frequency range of the RHF from DC to a few tens of kilohertz depending on the required operating scheme, i.e. relatively low frequency for smearing out of the localized heat load coming from the static ergodic configuration, medium through relatively high frequency for particle control and an improvement of confinement [4, 11] . In this article we will present the experimental results in the case of 20 kHz, but it will be shown later that the observed phenomena in the experiments may occur in the other frequency range. Figure 8(a) shows the radial distributions of the perturbation fieldB r andB θ with and without plasma in the case of 20 kHz RHF. Open squares imply vacuum fields, while circles show the perturbation fields in the plasma, here closed circles for case I and open ones for case I. The time series data of the magnetic field for a period of 10 ms with 1 MHz sampling were transformed to the frequency spectra with the fast Fourier transform technique and averaged out over 20 discharges at each radial position. The square root of the peak value at 20 kHz in the power spectra at each radial position is then plotted in Fig. 8(a) . In the data analysis the perturbation field was assumed to be rotating while keeping the fundamental frequency and the main mode structure, m = 6, which can be well confirmed from Fig. 6 and the strong peaks at 20 kHz in the spectra of the time trace obtained in the experiments (Fig. 4(b) ). Moreover, when we have a discharge plasma, at the section with no coils we also observed strong peaks at 20 kHz in the spectra which have the sameB r as the amplification described below. This means that reconnection takes place throughout the torus and is also good evidence that the helical perturbation resonates with the helicity of the tokamak field, i.e. with the q = 6 surface. Therefore, measurements at a fixed point can be interpreted as a part of the whole helical structure.
We see that the vacuum fields decrease as r 5 along lines going into the inside of the chamber, according to the multipolar r m−1 approximation. Figure 8 (b) shows the plasma response corresponding to the difference between the values with and without tokamak plasma. The error bars in the figures represent the maximum distribution range realized in 20 discharges, and the distribution function was found to assume a Gaussian-like form. Therefore the data points presented in Fig. 8 can be interpreted as the most probable value. It should be noted that the radial component of the perturbation is amplified in the plasma almost over the entire radial range, and that its amplification becomes large inside the resonance surface in case I. This amplification was still observed when we decreased the intensity of perturbations to one tenth of the present value. This is also the case when we change the frequency to 5 kHz. On the other hand, the poloidal perturbation field was observed to be attenuated in the plasma with respect to the value in vacuum at around the resonance surface in both cases I and II. Both the modifications ofB r andB θ are about a few tens of per cent of the vacuum field. Note that the poloidal perturbation field is also amplified very deep inside r = 4 cm. The phaseshift of the perturbation field in the plasma is shown in Fig. 8(c) , where a positive value means a phase delay. The reference for the phaseshift was taken at the vacuum field of each radial position. The phaseshift in the plasma is a little complicated. In case I, the phase of the radial perturbation is delayed by up to 70
• , while in case II, it is small compared with case I. For the poloidal perturbation, the phaseshift in case I is larger than that in case II. Proceeding into the interior of the plasma, the error bar on the phaseshift becomes large, about ±20
• at r = 6 cm, and particularly in case II the error bar on the poloidal component becomes greater than ±180
• inside a radius of 5 cm. That is the reason we have no plot there for case II. As can be seen from these results, the penetration of the perturbation fields depends on the relative motion of the external RHF to the tokamak plasma. The modifications take place not only around the resonance surface but also over a wide extent in radius, even wider than the estimated island width (2.2 cm). These modifications of the amplitude and phase of the perturbation fields are not consistent with a skin type penetration model [4, 11] . In terms of a linear theory there has been a solution of the ideal MHD equation [12, 22] for forced reconnection, which shows the amplification ofB r , but it does not include the rotation of either perturbation fields or plasma. Now it is necessary to make another interpretation in order to understand the present observations.
The penetration process of the resonant magnetic perturbation into the tokamak plasma strongly depends on the plasma response at the resonance surface. Roughly speaking there are two types of penetration process. In the case of one of these, the perturbation field is substantially or completely shielded by the induced current at the resonance surface but any associated magnetic reconnection does not occur. Such a type of penetration is likely to occur in a relatively high temperature plasma or with a high frequency perturbation. Another penetration process is the case where a perturbation drives a tearing mode and the magnetic topology changes with the appearance of magnetic islands. In the latter case the penetration process is expected to become more complicated than that in the case of perfect shielding because of island formation.
In the present case the temperature of the plasma is relatively low, about 10 eV at around the resonance surface, and the skin depth δ 0 in the plasma is estimated at about 2 cm with 20 kHz perturbation, which is greater than the resistive layer width [23, 24] 
where the prime implies a radial derivative, γ (∼τ
) is the growth rate of the tearing mode and ρ the mass density of the plasma. Therefore, the plasma seems unable to make a complete shield out of the external perturbation field. On the other hand, considering the intrinsic plasma rotation, the amount of induced magnetic reconnection Ψ at the resonance surface can be simply estimated in a linear theory with the following equation [16] :
where
Here
is the Doppler shifted perturbation frequency as seen in a frame moving with the local E × B drift at the resonance surface, Ω is the angular frequency of the perturbation field, τ c = S 3/5 τ A is the typical reconnection timescale of a drift tearing mode, which is now about 48 µs, and Ψ c is the amount of reconnected flux driven by the applied perturbation in the absence of any current sheet at the rational surface. In the present experiments, the island size is about 2 cm, which is greater than the resistive layer width, d ∼ 4 mm. In such a case, the diamagnetic effect is suppressed due to the flattening of the temperature and density within the islands [25] .
For this reason we neglected the diamagnetic effect in the analysis. Figure 9 shows the dependence of Ψ/Ψ c on the Doppler shifted frequency for λ = 1. Because of the low S value, the width of the resonance is relatively broad. The radial profile of the E × B drift velocity is plotted in Fig. 10 together with the poloidal phase velocity of the perturbations, where the radial electric field was deduced from the floating potential and the electron temperature measured with a triple probe. From this figure it can be seen that the phase velocity of the m = 6 perturbation is almost equal to that of the E × B drift at the resonance surface in case I, so that the Doppler shifted frequency becomes almost zero. In this case a full reconnection can be expected from Fig. 9 .
On the other hand, the Doppler shifted frequency increases up to 40 kHz in case II because the rotation direction of the perturbation reverses and the amount of reconnection decreases down to one tenth of that of full reconnection. However, the phase velocity of the m = 5 perturbation becomes almost equal to that of the E × B drift at its resonance surface r = 6 cm. Consequently, magnetic islands seem to be formed in both cases I and II in the present parameter range, but may change their size, mode number and radial position according to the rotation direction of the perturbation fields. From the above discussion the formation of islands is considered to change the interior magnetic topology so that a modification of the perturbation field may be observed.
Numerical analysis with resistive MHD equations and comparison with experimental results
In order to investigate the penetration process in which the islands are formed, we performed numerical simulations by solving the resistive MHD reduced set of equations of a low-β plasma, with the transport equation of electron energy [26] , 
where U , v ⊥ , B * , ν, ψ * , J, E, T e , κ , κ ⊥ , e z and Φ are the vortex, the plasma velocity, the helical magnetic field, the viscosity, the helical flux function, the current density, the electric field, the electron temperature, the heat conduction coefficients parallel and perpendicular to the magnetic field, the unit vector in the z direction and the stream function, respectively. In these equations, the time, length and magnetic field are normalized to the Alfvén transit time τ A , the minor radius a and the toroidal field B z , respectively. As viscosity and heat conduction coefficients, we used the following forms:
, respectively, and the results were not so sensitive to changes of these values. All variables are Fourier expanded in the poloidal and toroidal directions. The q profile and the resistive MHD parameter were set to Eq. (2) and the values obtained in Section 2, respectively. In this model a cylindrical geometry was assumed and a perturbation, was applied at the edge of the plasma as an RHF, where (m, n) = (6, 1) and ψ * edge was set to 3.3 × 10 −6 T m. Therefore, we have no sideband component in the calculation. Since the model does not include any intrinsic plasma rotation, we effectively changed the perturbation frequency from 5 to 40 kHz to take it into account. The simulation with a frequency of 5 kHz is considered to correspond to case I, and that of 40 kHz to case II. In this simulation the reconnection was observed to be completed within a few τ A after the application of perturbations, which was in good agreement with the value expected from Rutherford's equation [23, 27] 
∼ 5 µs (T e in eV), where w is the island width now taken at 1.5 cm and T e ∼ 10 eV. Then, the magnetic structure settled into a steady state. Figure 11 magnetic island is indeed formed with a width of about 1.5 cm and is still observed to appear in the case with 40 kHz. (The small reduction in the island width of the simulation with respect to that of experiments (∼2.2 cm, in Section 2) comes from the slight difference in the applied perturbation strength between the simulation and experiments.) Due to the formation of a magnetic island, flux surfaces move away from the resonance surface at the O point, while they move towards the resonance surface at the X point. Provided that the plasma current profile is a function of flux surface, the deformation of the flux surface due to island formation gives rise to a current redistribution, as shown in Fig. 12(b) . The poloidal component of the perturbation field, B θ ∼ i exp(imθ), takes its maximum and minimum at the O and X points, respectively. The radial component,B θ ∼ exp(imθ), shifts by 90
• with respect to the poloidal component and is maximum at around θ = 0
• and minimum at around θ = −30 and 30
• , in Fig. 12 . Consequently, the redistribution of toroidal plasma current amplifiesB r at r < r s , while attenuatingB r at r > r s .
It also attenuatesB θ at around the resonance surface while amplifying it deep inside the plasma. As the perturbation frequency increases the shielding effect becomes dominant around the resonance surface. That is the reason why in case II (40 kHz) the modification becomes small compared with that of case I (5 kHz).
The phase of the perturbation in the plasma changes in association with the current redistribution explained above, as shown in Fig. 11(c) . But this is not consistent with the experimental results. There is probably a more complicated coupling between different modes in the experiments but it is difficult to explain this exactly because the calculation does not include the sideband component at the moment. Therefore, in the following we concentrate on the modification of the amplitude of the perturbations.
The attenuation ofB r observed in simulations at r > r s does not occur in the experiments. This is considered to be due to the ergodization of flux surfaces arising from the overlapping of sidebands at r > r s , as shown in Fig. 7 , because the current redistribution does not occur so clearly there since the enhanced transport in this region would prevent any peaked current redistribution.
It is also observed that the region with the main attenuation ofB θ shifts from r = 7.5 cm to r = 5 cm in case II. This is considered due to the substantial growth of m = 5 islands as discussed in Section 4.1, and the islands with m = 6 seem to have a small effect on the modification ofB θ . This implies that the mode number which has the main contribution to the penetration process can change from fundamental mode to sideband according to the rotation direction of the perturbation field. Moreover, there might be a mode coupling between the islands with fundamental mode and sidebands due to the nonlinear effect coming from the current redistribution, and there is the possibility of producing other lower mode perturbations, which would lead to the formation of lower-m islands and finally to a major disruption. In order to prevent such a problem a careful adjustment of rotation frequency, direction and mode mixing of perturbation fields would be important in the DED experiments.
The plasma healing which was obtained in TEXT experiments [14] was not observed under the present conditions. This is due to the low temperature, i.e. small τ g , which is a few microseconds. Since the islands have enough time to grow during a period of oscillating perturbation, the surface current decays away rapidly and the redistribution current due to island formation comes to dominate as shown in Fig. 12 .
According to the phenomenological model developed by the COMPASS group, Eq. (A.29) in Ref. [13] , the threshold of field penetration is estimated as [B r vac /B z ] r=a ∼ 4 × 10 −3 (B r vac ∼ 3 G at the edge), where we have used the following values: viscosity timescale τ ν = a 2 /ν ⊥ ∼ 30 ms (ν ⊥ is the coefficient of perpendicular kinematic viscosity, which was estimated as 3.3 × 10 −1 m 2 /s based on a classical theory), ∆ 0 r s ∼ −9.1 from Eq. (A.6) in Ref. [13] , natural mode frequency f s ∼ mf * e ∼ 38 kHz (here f * e is the electron diamagnetic frequency) and magnetic shear s = (rq /q) rs ∼ 1.2. This threshold is of the same order as that of COM-PASS. But we still observed amplification ofB r in the case ofB r vac ∼ 0.3 G at the edge. This is considered to come from the relatively high resistivity in our plasma. Since the plasma could flow across the separatrix of the island almost freely due to the small value of resistive diffusion time, τ R ∼ 350 µs, the viscous and inertial effects treated in the model do not work, and this would allow the perturbation to penetrate into the plasma under the threshold. The above argument means that the role of current redistribution due to island formation becomes important as the temperature decreases (e.g. at the edge) and it has a strong dependence on T e since τ g and τ R are both proportional to ∼T 3/2 e . The present experiments were carried out under the low temperature plasma condition. But the E × B drift generally changes its speed and also its direction over the radial position as shown in Fig. 10 . This means that even if the frequency of the main mode is selected so that the phase velocity does not enter the resonance condition of Eq. (4), its sidebands would have a chance to resonate with the E × B drift (or diamagnetic drift [16] ) and give rise to a substantial reconnection. Therefore, the penetration process presented in this article would be a possible one in almost all frequency ranges in DED operation and even in the high-S condition, i.e. in a large device. From the above discussion, it can be said that when considering the penetration process of a magnetic perturbation into tokamak plasma and in order to have stable DED operation, it is necessary to take into account the mode structure of the perturbation field as well as the radial profile of the intrinsic plasma rotation.
Conclusion
Using a small research tokamak CSTN-IV and the resistive MHD code, the penetration process of a magnetic perturbation into tokamak plas was investigated by measuring the magnetic field inside the plasma. It was found that in the case where magnetic islands were formed the radial component of the perturbation field was amplified in the plasma due to the current redistribution coming from the deformation of flux surfaces. The poloidal component of the perturbation field is also amplified deep inside the resonance surface. The role of current redistribution due to island formation becomes important as the temperature decreases (e.g. at the edge) and it has a strong dependence on T e since τ g and τ R are both proportional to ∼T 3/2 e . A modification also takes place at the sideband resonance surface even when the main mode is at off-resonance for a reconnection, which means that the sidebands have a substantial effect on the penetration process. Therefore it is necessary to take into account not only the frequency of the RHF but also its direction, mode structure and the radial profile of the intrinsic plasma rotation, when considering the penetration process of a magnetic perturbation into tokamak plasma in DED operation.
